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A 4D Automatic Simulation Tool for 
Construction Resource Planning: a Case Study 
 
 
Abstract:  
Purpose - Traditional construction planning relies upon the critical path method 
(CPM) and bar charts. Both of these methods suffer from visualization and timing 
issues that could be addressed by 4D technology specifically geared to meet the needs 
of the construction industry. This paper proposed a new construction planning 
approach based on simulation by using a game engine.  
 
Design/methodology/approach - A 4D automatic simulation tool was developed and 
a case study was carried out. The proposed tool was used to simulate and optimize the 
plans for the installation of a temporary platform for piling in a civil construction 
project in Hong Kong. The tool simulated the result of the construction process with 
three variables: 1) equipment, 2) site layout and 3) schedule. Through this, the 
construction team was able to repeatedly simulate a range of options.  
 
Findings - The results indicate that the proposed approach can provide a user-friendly 
4D simulation platform for the construction industry. The simulation can also identify 
the solution being sought by the construction team. The paper also identifies 
directions for further development of the 4D technology as an aid in construction 
planning and decision-making. 
 
Author keywords: 4D Visualization; Construction planning; Optimization; Game 
engines; Simulation. 
Background 
Project planning is crucial to the success of construction projects. The planning 
process is complex, however, relying heavily on the experience of the construction 
planners involved (Waly and Thabet, 2002). There are also problems with traditional 
planning methods.  Koo and Fischer (2000), for example, identify problems caused by 
a lack of spatial information provided by 2D diagrams or charts. The Critical Path 
Method (CPM), as one of the more  typical planning tools, cannot detect design errors 
and design mismatches (Li et al. 2008) and it is difficult to use and update (Huber and 
Reiser, 2003). Waly and Thabet (2002) label CPM as hard to manage, as a 
complicated CPM and can easily cause schedule inconsistencies. CPM also has no 
resource utilization capabilities (Lu and Li, 2003; Zhang et al. 2006) and is incapable 
of providing spatial features for resource and working spaces (Koo and Fischer 2000, 
Chau et al. 2003). Alternative planning methods, such as space-time chainage charts 
and layout motion diagrams are ambiguous and difficult to use (Dawood and Mallasi, 
2006). Similarly, mathematical methods and heuristic methods, as common resources 
planning techniques, are considered to be too complex, with varying effectiveness for 
different cases (Chen et al., 2012). These traditional planning methods may even 
interrupt construction activities (Mallasi and Dawood, 2001).  
The limitations of traditional planning practice have led to extensive research into 
project visualization as a possible solution. 4D planning has the capability of dealing 
with all of these problems. However, most of the commercially available 4D software 
only uses the show-hide function to link up the 3D building components with the 
construction schedule. The simulation carried out by these softwares does not 
consider construction sequence, construction space or construction resources. 
 
In this paper, we present a new planning approach by using 4D visualization. This 
new approach has two major differences from a typical 4D approach. First, it allows 
the members of the construction team to optimize the planning and design of a 
construction project. 4D visualization is a tedious and time-consuming task that can 
only be effectively carried out by those with sufficient experience. The concept of this 
new approach is to develop a simplified platform that allows users without 4D 
visualization experience to easily and accurately simulate the construction activities 
needed for a range of options. This eliminates the communication time and cost 
involved in employing a team of 4D visualization experts. Second, it provides an 
interactive environment for simulating the relationship between construction space, 
resources and schedule. The new approach allows the user to simulate the effect of 
different inputs and thus find the most suitable solution. This new 4D visualization 
approach involves a combination of both virtual prototyping and a game engine. 
Details of the development and verification of the system are discussed.  
 
4D Visualisation technologies for project planning 
4D technology for building components is generally accepted to be the same as 3D 
geometry, with time as the fourth dimension (Koo and Fisher, 2000). It is commonly 
identified as the best solution to project planning (e.g. Wang et al. 2004). Mahalingam 
et al. (2010) evaluated the applicability of 4D CAD on a construction project and 
found huge benefits when 4D CAD was integrated into an existing project planning 
approach. The combination of BIM and schedule to form accurate 4D simulation is a 
merit of using BIM (Wang et al; 2014). From previous studies (Koo and Fisher, 2000; 
Mahalingam et al. 2010), the development of 4D models must use the following steps: 
1) develop a 3D model by using commercial software (e.g. Autodesk Revit) and 
project schedule (e.g Microsoft Project) separately and; 2) link the 3D model and the 
schedule by a simulator to carry out 4D simulation of construction process. Many 
researchers follow this method for 4D simulation. For example, Zhang et al. (2000) 
suggest using a 4D management approach to better utilize site space and for 
construction planning. Based on this method, recent studies have also proved that 4D 
technology can be used to analyze workspaces, temporary structure usage (Mallasi 
2006; Jongeling et al. 2008) and manage workflow planning (Jongeling and Olofsson 
2007).  
 However, despite the large body of research into 4D technology for the 
construction industry, several problems still exist. For example, the detailed planning 
of construction equipment and modelling of equipment operation is not considered by 
previous research. The method of integrating BIM commercial software and project 
schedule software to form 4D models may help explain this, as typical project 
scheduling software does not consider the detailed operation of equipment. In 
response to the limitations of commercially available 4D visualization for the 
construction industry, specialist 4D software has been developed for specific 
construction activities. This allows end-users to improve the simulation by inputting 
more variables than are possible with commonly used 4D technologies. The 
Construction Virtual Prototyping Laboratory (CVPL) of the Hong Kong Polytechnic, 
for example, has successfully developed and tested Construction Virtual Prototyping 
(CVP) technology. CVP technology has been applied to bridge construction planning 
(Li et al., 2012a), pre-tender construction planning (Baldwin et al. 2009), construction 
process simulation (Huang et al. 2007), integrating design and construction (Li et al., 
2008) and optimizing construction planning schedules (Li et al., 2009). Through using 
these new technologies, previous studies indicate that it is possible to simulate 
detailed construction progress, which also includes detailed motion simulation of 
heavy equipment by using actual resource data, including data for heavy equipment 
(Li et al. 2012a). CVP technology has demonstrated its ability to optimize a 
construction planning schedule with the detailed operation of heavy equipment. 
However, CVP does not develop both construction planning schedules and site 
layouts (Li et al. 2009). While project planning and layout design have a serious 
impact on the work space available for equipment, there is also a lack of consideration 
of the correlation between these three factors. For example, Tantisevi and Akinci 
(2007 and 2008) stress the importance of considering the workspaces of mobile cranes 
ahead of operational or spatial conflicts with other components. Tantisevi and Akinci 
(2009) later point out the importance of modeling crane operations. But a new tool is 
needed, one which will consider the relationships between work space, site layout and 
project planning. 
 
Game Engines in Scientific Research 
A game engine was selected to help achieve the objectives of this study. Gregory 
(2009) defines a game engine as software that is “extensible and can be used as the 
foundation for many different games without major modification”. The use of game 
engines for serious games has met with considerable success in training aircraft pilots 
(Moroney and Moroney 1991) and training in the USA army (Lindheim and Swartout 
2001). Simulation games are also effective learning aids in the construction industry 
(Wall and Ahmed, 2008), with game engine applications such as improving the safety 
of construction plant operations (Guo et al., 2012), providing safety training to 
construction workers (Li et al., 2012c), assessment of construction safety knowledge 
(Li et al., 2012b) and training construction managers (Goulding et al., 2012). A virtual 
construction simulator (VCS) game has been developed to provide training to the 
construction industry (Nikolic et al., 2011). An updated version of VCS 3 was used by 
students in their third-year course (Lee et al., 2014). The results indicate that game-
based training provided the opportunities for students to learn by their mistakes, 
which was recognized as an effective and memorable experience by the students. 
Effective learning in a game environment is achieved by the accelerated 
learning that takes place when using virtual reality simulation interactively (Jarvis and 
de Freitas, 2009). The reason seems to be that users are motivated by the game 
engines’ mechanisms for safe exploration and curiosity (Kosmadoudi et al., 2013).  
 However, game engines are not limited to training. For example, Juang et al. 
(2011) use the Blender game engine to develop a construction simulation environment 
in which fork lift operation is simulated. Chavada et al. (2012) have developed a 
framework for managing construction workspaces by a game engine. The framework 
enables construction planning and optimization but was not verified by case study. 
These abovementioned studies show that game engines can provide both a realistic 
simulation and a means of interacting with the user. Serious games can be 
successfully used in non-game applications, as the user usually enjoys the process of 
completing challenging tasks by trying different alternatives without worrying about 
the consequences (Gee 2003).  
 Compared with general 4D technology, game engines enable different goals 
and inputs to be set. The end-user is required to input different variables during the 
simulation, and the input affects its outcome. For example, in Guo et al.'s (2012) 
simulation of a construction plant, the end-users are required to control the plant by 
using the keyboard during the simulation. This kind of task-specific simulation is not 
only a 4D simulation, but an interactive 4D environment. Despite the huge success of 
game engines in construction training, they are still new to construction planning. 
This means that there is a lack in the detailed application of game engines to 
simulating the construction process.  
 
The framework of a 4D Automatic Simulation Tool 
Based on the success of BIM and 4D simulation, the aims of this study are to develop 
a new approach to simulate the 4D process of a construction project based on the 
construction schedule, working space and resources that are input directly by the end-
users. The developed simulation tool aims to provide a new platform to simulate the 
operation of heavy equipment (i.e. resources) with different layouts (i.e. working 
space) and to schedule this operation interactively. The system allows end-users to 
compare the result of simulations in different settings, helping them find the best 
result. 
To achieve this, a 4D simulation tool was developed by using a game engine. There 
are a few commercial game engines commercially available in the market. The game 
engine 3DVIA Virtools, which was previously used in Li et al. (2012c), was adopted 
for this study. There are also other available game engines available, such as Unity 3D 
(Li et al., 2012b) Doom, Quake III Arena and Unreal (Kosmadoudi et al., 2013).  
However, the selection of the particular game engine to use does not affect the result 
of this study, as the game engine is only the platform used to simulate the process 
based on the same set of data. The design of the tool allows the end-users to input two 
variables: site layout (equipment, site office, etc.) and the construction sequence. The 
tool then simulates the construction process. This not only shows and hides the 
equipment and building components according to the schedule, but calculates and 
records the operation path of all equipment during the process.  
 The 4D simulation tool consists of four parts because of the structure of the 
game engine and programming requirements. The four parts are: 1) a simulation 
system; 2) a database of the 3D models; 3) a database of construction sequences; and 
4) a database of equipment locations. The simulation system was developed using 
3DVIA Virtools. As mentioned above, typical 4D technologies allow the user to 
modify the design of the building, the site environment and the schedule before the 
start of the simulation. Likewise, for the developed tool, the end-user can change the 
site environment, available resources and the schedule before the simulation, as well 
as operating resources, such as mobile cranes, during the simulation. The changes 
made during the simulation also affect the outcome, making this approach very 
different from a typical 4D simulation. Moreover, the developed system allows 
multiple inputs (i.e. layout, schedule and equipment), which is different from typical 
4D simulation (BIM model and schedule).  
 
Simulation system 
The simulation system is a 4D simulation tool that automatically reads the two 
databases and simulates the construction process according to the data. All starting 
locations of equipment are read from the database when the simulation system is 
started. The end-user can still change and save the starting location, adding or 
removing any of the equipment, before simulating the construction process. Once the 
simulation is started, the system simulates the construction process according to the 
construction schedule, which is saved in the database. Related equipment moves to 
the destination to carry out the construction work according to the schedule. When 
any equipment (e.g. a mobile crane) moves, the simulation system automatically 
generates a movement path between two points (i.e. initial location and destination) 
for the equipment. The system also takes into account any obstacles lying on the 
movement path. These obstacles include the 3D models of equipment and any 
openings in the platform. Automatic clash detection helps ensure that obstacles are 
avoided. Once the movement path of an object is generated, this, together with the 
shape of the equipment, is recorded in different colors for different equipment. The 
record allows the end-user to review and compare the result of simulations with 
different settings. During the simulation, the end-user can select any of the equipment 
and operate the equipment. This function allows the end-user to verify the working 
space of equipment at any particular time.  
 
Database of the 3D models 
The 3D model database consists of the 3D models of the proposed building, required 
equipment, temporary works and surrounding environment. The 3D model of the 
construction site and surrounding area is built using accurate survey data. 3D models 
of all temporary work are built according to existing preliminary construction plans. 
These three elements were then combined to form a virtual environment for 
simulation. 
 
Databases of construction sequences and equipment location 
The two databases are in an Excel file format, consisting of only a few attributes, such 
as the name of the components, their location and the order of these components. 
Keeping the structure of the two databases simple makes it usable by an end-user 
without simulation experience. 
 
Methodology 
To verify the effectiveness of the framework developed in the study, a 4D simulation 
tool was developed. The tool was developed based on the framework in the previous 
section. It is combined by a simulation system and databases of construction 
sequences and equipment location. The system was developed by a combination of 
built-in function of Virtools and C++, which was reported in Li et al. (2012c).  The 
detail of the scripts is not discussed here. The tool was applied to a real construction 
project in Hong Kong as a case study. The overall implementation is reported in detail 
in the following section. The members of project team met with the researchers 
throughout the case studies to collect their views on the developed framework. The 
result is presented below. The use of case studies and the collection of views follow 
previous study of Li et al. (2012a).   
 
Case Study 
Background 
The case study is the extension of a section of the Ting Kau Viaduct, a highway 
between Tuen Mun and Kowloon in Hong Kong. The construction team had to plan 
the building of the viaduct foundations, piers, deck and other associated finishes.  
  This study was applied to the construction of the foundations. The 
construction sequence is shown in Figure 1. First, a temporary access (haul) road to 
the location was built. The haul road enabled the transportation of workers and 
construction materials to the site location. A temporary working platform of bamboo 
was to be built to allow a crawler crane to build a temporary steel platform. A heavier 
crawler crane and pile-driving machine were then moved onto the steel platform for 
the installation of mini-piles for a single pier. This process of constructing the 
foundation of the single pier would then be repeated for the remaining piers.  
 Initially, the design of the temporary steel platform was limited by cost and 
time restrictions. As the project involved many piers, it was important to minimize the 
size of the temporary working platform to save cost and time. However, the Ting Kau 
Viaduct is built on a hillside, so there was limited space available for placing the 
essential equipment1 needed, such as an air compressor, generator and water tanks. At 
the same time, the construction sequence of the mini-piles depended on the working 
space available. Each pier required seven mini-piles, and a section of the steel cover 
of the temporary platform needed to be uncovered in order to construct each pile. Of 
course, after removing the section of platform, the movement of the crawler and piling 
machine was restricted by the reduced size of the platform. The construction sequence 
of the mini-piles, therefore, was another critical issue.  
 In this case study, the researchers aimed to simulate the construction process, 
to quantify the relationship between the size of the temporary platform (working 
space), the construction sequence of the mini-piles and the resources used, and 
therefore to establish the minimum size of the temporary steel platform. As there was 
no tool that considered the effect of site layout, equipment and schedule at the same 
time, the construction team of this project had no software help in planning the 
construction of the foundation. To find a suitable design of the temporary steel 
platform, the simulation tool should simulate the construction process with different 
site layouts, schedules and equipment, recording the movement of all equipment. The 
smallest size of the steel platform should be large enough to provide working space 
for the equipment to carry out the construction work. 
1 The word equipment is used in this paper to denote both plant and equipment 
                                                 
 <Take in Figure 1> 
 
Pre-simulation work 
First, the 3D models of the construction site, surrounding environment and 
construction equipment were built and stored in the database. The construction 
equipment used in this case study included crawler cranes (with different loadings), a 
hydraulic crawler drill, a 325L pile driving machine,  an excavator, a concrete mixer, 
water tanks, an air compressor, a generator and a truck from the manufacturers’ 
specifications. These were then incorporated into the virtual environment as shown in 
Figure 2. Two types of equipment are involved in the case study, these being: 1) 
stationary (i.e. a generator and air compressor); and 2) non-stationary (a crawler crane 
and piling machine). As stationary equipment may hinder the movement or operation 
of non-stationary equipment, it is important to define the initial locations of the 
equipment. These are stored in a database in 3D vector format (i.e. X, Y, Z). The user 
can then make any adjustments needed by keyboard, according to the instructions 
listed in Figure 3.  
<Take in Figure 2 and Figure 3 > 
4D Simulation 
The system automatically updates the database once the location of any equipment is 
changed. The movement and location of all equipment is recorded and can be 
replayed after the simulation. For example, in Figure 4, the movement and operation 
of the crawler crane is recorded in pink while that of the piling machine is recorded in 
green. The areas occupied simultaneously by both crane and piling machine are light 
brown. In addition to the equipment, the location of two material yards was also 
considered. As material yards are considered stationary, the end-user could only 
change their locations before simulation. The system was also able to simulate the 
location and moving patterns of workers. In doing this, however, the movement 
record would become very complicated and difficult to analyse. Therefore, movement 
of workers was not considered in this study.  
 
<Take in Figure 4> 
 
The type and location of the equipment involved and color-coding is summarized in 
Table 1. 
 
<Take in Table 1> 
 
The tool imports the construction sequence input by the user from the database. 
Within the virtual environment, each mini-pile is defined by a specific name, such as 
Pile_27_P7. The user arranges the order of the names of these mini-piles. The tool 
then decides on the construction sequence according to the order of the pile names. It 
allows end-users without simulator experience to provide input in a simple way.  
 Once the end-user has input all the required data (locations and schedule), the 
simulation system begins moving the equipment from the original point to the 
destination. First, the piling machine moves into position, then the crawler crane 
hoists the materials from the two yards to the piling machine for piling. During the 
simulation, the system verifies that: 1) the operation of the crawler crane does not 
collide with the existing highway structure; 2) the piling machine can reach the 
destination; and 3) all operation of the crawler crane and piling machine is carried out 
on the temporary platform.  
 
Preliminary trials 
Preliminary trials of the simulation tool were carried out prior to solving the 
optimization problem. The initial equipment locations were set according to the 
construction team’s suggestions. As the construction site is near the Ting Kau Viaduct, 
the crawler crane area of operation was limited to prevent collision with the existing 
viaduct. One of the results of the simulation of different construction sequences is 
shown in Figure 5.  
 
<Take in Figure 5> 
 
This indicated that the critical factor affecting the size of the platform was the 
movement of the piling machine and the initial location of the materials involved. The 
long boom of the crawler crane allowed the crane to operate without continuously 
moving. Also, as shown in Figure 6, the mini-piles were to be installed slightly angled 
rather than vertically. Therefore, in order to install the mini-piles this way, it was 
necessary for the piling machine to keep a certain distance from the opening during 
their installation. This explains why the area used by the piling machine was larger 
than that of the crawler crane. For the safe operation of the crawler crane, the location 
of the materials needed to be an adequate distance from the existing viaduct. For this 
reason, the initial location of the two caches of materials should be covered by the 
crane while also avoiding blocking the movement of the piling machine.  
 
<Take in Figure 6> 
 
From the simulation, it was also found that the area required for the operation of the 
piling machine was large, covering nearly two temporary platforms for the 
construction of two piers. In order to the save time in moving equipment from one 
platform to another, it was decided that an individual platform should be big enough 
to cover the area needed for constructing two piers instead of one.  
 
Post solution comment 
On completion of the trials, the researchers presented the preliminary findings and the 
simulations to the construction team. Afterwards, the construction team continued 
using the simulation tool for a wide variety of initial conditions until identifying the 
wanted solution. Following this, a meeting was held between the researchers and the 
construction team’s construction manager, two project coordinators and structural 
engineer. The developed tool provided an interactive 4D simulation environment for 
the construction team to simulate different ideas. The construction team had 
repeatedly used the simulation tool with different conditions and uses of equipment, 
before deciding on the size and the equipment to be actually used in the project. The 
construction team believed that, without the help of the developed tool, it would have 
been difficult, if not impossible, to optimize the size of the temporary platform, the 
layout of the equipment and the construction procedure of the mini-piles on time. In 
the absence of the tool, the construction team would only have been able to visualize 
the drawing in their mind, and imagine the construction process and possible 
problems that may have been encountered according to the drawings and their 
experience.  
 There were two major reasons for not using 4D simulation tool in this case 
study. First, as the construction team had no prior experience in 4D simulation, it  was 
impossible to asked the team to simulate all the scenarios unaided. Second, the 
construction team had too many ideas to simulate. This meant that, if the simulation 
was carried out by a third-party expert not necessarily familiar with civil engineering, 
it would have been difficult and time consuming for the construction team to explain 
their thinking in sufficient detail to the expert. The availability of this simple 
simulation tool allows the construction team to use it after a short training period and 
for different approaches to be examined by the team itself. This reduces both 
communication time and the chance of communication errors between the 
construction team and any third-party experts.  
 
Conclusion 
The traditional project planning process is unable to provide spatial features for 
resource and working space (Koo and Fischer 2000; Chau et al. 2003), while some 
alternative planning methods are criticized as ambiguous and difficult to use (Dawood 
and Mallasi, 2006). This paper proposes arranging equipment, site layout and 
schedule based on the simulation tool developed by a game engine. In addition to just 
4D simulation, the developed tool allows the end-users to input the construction 
sequence, the selection of equipment and their location. Different inputs lead to 
different simulation results and, by repeating the process, the end-users can find the 
solution that suits their practical needs. A case study was carried out to identify the 
optimal solution to a layout-planning problem of a real construction project in Hong 
Kong. The construction team of the project used the developed tool to find the optimal 
solution under different constraints. 
 The result of the case study indicates that the proposed approach not only 
saves the cost of hiring experts for 4D simulation, but also reduces the time needed 
for communication and the chance of miscommunication. Aimed at the needs of 
construction planning, the approach provides a user-friendly platform for carrying out 
spatial analysis for the construction process.  It is clear that game engines can benefit 
the construction industry by providing a platform for developing task-specific tools to 
address different problems. In addition to training, assessment and close-to-reality 
equipment simulation, this case study demonstrates the potential of game engines in 
the development of a dynamic layout-planning tool.  
 It should be emphasized that game engines only provide the computer 
environments that allow users to build different 3D environments, databases and 
functions. At present, game engines alone are insufficiently user-friendly for direct 
use by the construction industry and require professional computing skill. In addition, 
game engines cannot simulate construction processes on their own, but need to be 
incorporated into a tool built for the purpose. In this case study, even the developed 
tool acts only as a platform to collect and read input data and to simulate the 
construction process. Therefore, the use of game engines in developing new tools for 
the construction industry is unlikely to replace existing tools (such as commercial 
planning software and 3D modeling software), but will help to bridge the gap between 
the needs of the industry and the currently available commercial software.  
 
Limitation 
The tests on the tool are limited to a single case study and further research is needed 
to test the use of game engines for construction planning in different construction 
projects to verify its effectiveness. Although the framework of this study relies on the 
availability of spatial and schedule information, it is difficult to judge if this approach 
can cover all scenarios. To improve the credibility of this study, future study may also 
validate the framework in construction project with different unique characteristic. 
This study also lacks more in-depth interviews during the case study. The project 
team was unable to carry out more structured interviews due to the tight working 
schedule. More in-depth interviews may be able to identify more advantages and 
limitations of the framework.  Future research could also explore the use of alternative 
game engines and compare their performance and results. 
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